Pial veins, choroid plexus veins, and the cerebri magna vein were investigated with regard to their ultrastructural organization, adrenergic nerve supply, and in vitro reactivity. The vessel walls consisted of a con tinuous layer of endothelial cells, large amounts of col lagenous material, and occasional pericytes. Smooth muscle cells were observed only in a few specimens from the cerebri magna vein. All veins were surrounded by
Neurogenic influence on the cerebrovascular microcirculation has, during the last decade, re ceived intense attention (Edvinsson and MacKen zie, 1977; Edvinsson, 1982) . It is well known that small pial arteries constrict in vivo in response to sympathetic nerve stimulation or perivascular ad ministration of noradrenaline (Kuschinsky and Wahl, 1978) . The reactivity of cerebral veins on the other hand has received little attention, despite these veins' possible importance as partial determi nants of cerebral blood volume and intracranial pressure. However, recent studies have shown that pial veins also may respond to sympathetic nerve stimulation (Auer and Johansson, 1980; Auer et aI. , 1981b) or to perivascular micro application of nor adrenaline (Auer et aI. , 1981a; Edvinsson et aI. , 1981 Edvinsson et aI. , , 1982 . Despite these functional data, little is known about the morphological substrate for the contractile responses.
In the present study, we have investigated the ultrastructural organization of feline cerebral veins with electron microscopy and the distribution of ad renergic nerve fibres with fluorescence his tochemistry. Furthermore, the mechanical reac tivities of small segments of isolated cerebral ar- 226 adrenergic nerve fibres. Potassium (124 mM) and nor adrenaline (10-5-10-4 M) induced small contractions (0.2-0.5 mN) of isolated veins during in vitro conditions. The magnitude of these responses was less than one-tenth of that obtained in small pial arteries. Key Words: Cere bral veins-Electron microscopy-Fluorescence histo chemistry-In vitro reactivity-Noradrenaline.
teries and veins have been tested and compared by a sensitive in vitro method.
MATERIALS AND METHODS

Animals
Twelve cats of either sex, weighing between 2 and 4 kg, were killed by exsanguination under sodium barbitu rate (Nembutal®; Astra, Sweden) anaesthesia. The skull was opened and the dura mater removed. The superior sagittal sinus, the cerebri magna vein, cortex pial veins, corpus callosal veins, choroid plexus veins from the third ventricle, and small arteries from the cerebral convexities were excised. The specimens were either processed for the morphological studies or placed in a modified Krebs buffer solution for recording of mechanical activity.
Electron microscopy
Segments from cerebral veins were immersed for 2-4 h in a 0.15 M cacodylate buffer solution containing 3% glutaraldehyde and rinsed in cacodylate buffer. They were then postfixed in 1% OS04 in cacodylate buffer for 2 h, dehydrated in ethyl alcohol, and embedded in Epon® Sections (1 /Lm in thickness) were stained with toluidine blue and examined under a light microscope equipped with a scale for measurements of vessel dimensions. Ul trathin sections were contrasted with 0.5% uranyl acetate and 1% lead citrate, and then examined under a transmis sion electron microscope (Zeiss EM 10).
Histochemical procedure
Specimens from the various veins were spread flat on microscope slides, desiccated over phosphorous pen toxide, and exposed to paraformaldehyde gas at 80°C for 1 h. All specimens were mounted in Entellan® (Merck, F.R.G.) and examined under a fluorescence microscope equipped with filters selected to give peak excitation at 405 nm (Bjorklund et aI., 1972) .
Recording of mechanical activity
Individual veins and small arteries were stored in cold (12°C) Krebs buffer solution for about 1 h after dissection. Segments (2-3 mm long) from the vessles were sus pended between two L-shaped metal prongs in small volume (2.5 or 5 ml) tissue baths (HOgesUHt et aI., 1983) containing a modified Krebs buffer solution of the fol lowing composition (mM): NaCl, 119; KC1, 4.6; CaCI2, 1.5; MgCI2, 1.2; NaHC03, 15; NaHP04, 1.2; and glucose, 11. A potassium-rich solution was prepared by replacing the NaCl in the Krebs buffer solution with KCl in equimolar amounts, resulting in a potassium concentra tion of 124 mM. The buffer solutions were continuously aerated with 5% CO2 in O2, giving a pH of 7.4, and the temperature was maintained at 37°C during the experi ments. Contractions were measured isometrically by means of Grass Instrument transducers (FT 03C) and dis played on a Grass polygraph. The resting tensions of the vessels were adjusted to approximately 0.5 mN (pial and choroid plexus veins) or 2 mN (cerebri magna veins and pial arteries). After an accommodation period of 1 Yz h, the vessel segments were exposed to the test agents. All contractions were compared with that evoked by the K+-rich solution.
Drugs
The following drugs were used: cocaine hydrochloride (ACO, Sweden), d,l-noradrenaline hydrochloride (Sigma, U.S.A.), phentolamine (Regitin®; CIBA, Switzerland) and propranolol (Inderal®; ICI, U.K.). The drugs were dissolved in 0.9% saline containing 1 mM ascorbic acid to minimize oxidation. They were added directly to the tissue baths in volumes of 25-50 pJ. The concentrations reported are given as the final drug concentrations in the tissue bath.
RESULTS
Electron microscopy
Cerebri magna, choroid plexus, and pial veins (outer diameter, 180-480 /Lm) had a well-preserved continuous endothelial cell layer. Beneath the en dothelium, pericytes were seen embedded among numerous collagenous filaments (Fig. 1) . In a few specimens from the cerebri magna vein, regular smooth muscle cells were encountered. One of these specimens also contained a large nonmyeli nated nerve fibre bundle. Numerous endocytotic vesicles were observed in pial endothelial cells and in pericytes (Fig. 2) . They were most abundant in the pericytes, in particular at the nonluminal side of the cells.
Histochemistry
Fine varicose adrenergic nerve fibres were dem onstrated in the walls of all veins studied. In large pial veins (outer diameter, 200 -500 /Lm), the fibres formed plexuses on the vessel walls ( Fig. 3a) , whereas small pial veins (outer diameter, <200 /Lm) contained only single fibres. Around the cerebri magna vein we observed a dense plexus of fine vari cose fibres (Fig. 3b ). The choroid plexus vein was surrounded by numerous adrenergic nerve fibres (Fig. 4a) , whereas the corpus callosal vein con tained only a few fibres (Fig. 4b ). Dense plexuses of adrenergic nerve fibres were also found in the wall of the superior sagittal sinus.
Vasomotor responses
The isolated vessel segments were not spontane ously active. After the accommodation period, the contractile capacity of the vessels was tested by exposure to the 124 mM K+ solution. Small con tractions between 0. 2 and 0. 5 mN were obtained in pial and cerebri magna vein preparations (Fig. 5) , whereas choroid plexus veins failed to respond. When the stimulant was removed from the tissue baths, the veins immediately relaxed. Noradrena line (lO-L 10-4 M) also induced small contractions in pial and cerebri magna vein segments; the am plitude of the responses was comparable to that evoked by K+ in the same preparation.
The noradrenaline-induced contractions were readily attenuated by 10-6 M phentolamine, both when administered before noradrenaline and when added on top of established contractions. The pres ence of cocaine (10-6 M) and propranolol (10-7 M) in the buffer solution had no influence on the small contractile responses induced by noradrenaline. By comparison, small pial arteries (outer diameter, 200-300 /Lm) responded well upon administration of K+ and noradrenaline. In these preparations, K+ (124 mM) and noradrenaline (10-5 M) evoked con tractions of 7. 2 ± 2. 3 mN and 1. 9 ± 1. 0 mN (n = 12), respectively.
DISCUSSION
An autonomic nerve supply of intra-and extrace rebral vessels was described in the 1930s by a re- 1983 searcher using silver stammg techniques (Mc Naughton, 1938) . Perivascular nerve fibres were demonstrated around cerebral arteries; some of these fibres disappeared following excision of the superior cervical ganglia. This information was to a large extent neglected, and the topic received only slight attention until new selective techniques were introduced for light and electron microscopy. The histochemical studies were focused mainly on the arterial side of the cerebrovascular bed. This is ex plained partly by the fact that cerebrovascular re sistance and cerebral blood flow to a large extent are dependent on the degree of constriction of small arteries and arterioles (Edvinsson and MacKenzie, 1977; Kuschinsky and Wahl, 1978) .
Electron microscopic studies have disclosed a lack of distinct smooth muscle cells in the walls of several intracerebral veins (Takahashi, 1968; Roggendorf and Cerv6s-Navarro, 1978; Roggendorf et aI., 1978; Lange and Halata, 1979) . In the present study, the vessel walls consisted of a continuous endothelial cell layer, surrounded by occasional pericytes embedded in collagenous material. Only occasionally were smooth muscle cells observed in specimens from the cerebri magna veins. In a recent study, Cervos-Navarro and Roggendorf (1983) have shown that during hypertension the walls of human pial veins grow thicker, and true smooth muscle cells may appear. Thus, there are considerable problems when distinguishing between pericytes, primitive smooth muscle cells, and well-developed smooth muscle cells in the wall of larger pial veins O. 4L (Rhodin, 1980) . A notable finding was the abun dance of endocytotic vesicles in pial veins; these may be involved in the passage of substances across the vessel walls.
Only a few studies have examined the distribution of adrenergic nerves around cerebral veins by fluorescence histochemistry. The present findings of adrenergic nerve fibres around both small pial veins and large collecting veins confirm and extend previ ous fluorescence histochemical studies (Nielsen and Owman, 1967; Edvinsson et aI. , 1974 Edvinsson et aI. , , 1982 . Elec tron microscopic studies have revealed the pres ence of nerve terminals in feline pial veins and their close association with smooth muscle-like cells (Roggendorf et aI. , 1978; Nakakita et aI. , 1983) ,
The functional role of the autonomic innervation of cerebral arteries has been under considerable de bate (Edvinsson and MacKenzie, 1977) . It is now generally accepted that sympathetic nerves may only moderately affect the cerebrovascular resis tance at normotension, whereas sympathetic nerves and adrenergic receptors may have a considerable effect on cerebral blood flow at extremes of arterial pressure (Edvinsson, 1982) , On the other hand, there is ample evidence to support an influence of the sympathetic nerves on cerebral blood volume and intracranial pressure during normotension (Dorigotti and Glasser, 1972; Edvinsson et aI. , 1973 Edvinsson et aI. , , 1975 Reichl and Walland, 1980; Auer and Johansson, 1981) .
Pial and cerebri magna veins elicit only small contractions when exposed to either 124 mM K+ or noradrenaline. The size of the contractions is small, less than one-tenth of those elicited in isolated small pial arteries. However, when the maximum re sponse to potassium is used as an internal standard, the contractions induced by noradrenaline are actu ally stronger in the pial and cerebri magna vein than in the pial arteries. It is interesting to note that in situ studies have suggested that the constrictory re sponse of pial veins to noradrenaline is stronger than that obtained simultaneously in pial arteries (Auer and Johansson, 1980; Auer et aI. , 1981b; Ed vinsson et aI. , 1982) . The noradrenaline-evoked contractions in cerebral veins seem to be mediated by a-adrenoceptors, since they are attenuated by phentolamine. The responses in situ of small ar teries and of intracranial pressure to noradrenaline can similarly be attenuated by a-adrenoceptor an tagonists (Auer et aI. , 1981a) .
In conclusion, a rich network of sympathetic ad renergic nerve fibres was observed in the walls of cerebral veins. The morphological organization of cerebral veins with a rich supply of collagenous material and only a few pericytes supports the evi-dence of weak contractions regularly obtained in isolated vein preparations. The small contractions observed in vitro might, however, be of importance in vivo, since cerebral veins only have to constrict against a low pressure.
